Purpose: Overall survival in patients with osteosarcoma is only 60%. Poor response to chemotherapy is the dominant risk factor for poor survival. Pharmacogenetic research can offer possibilities to optimize treatment and improve outcome. We applied a pathway-based approach to evaluate the cumulative effect of genes involved in the metabolism of cisplatin and doxorubicin in relationship to clinical outcome.
Introduction
In the past decades, progression-free survival (PFS) rates of patients with osteosarcoma have reached a plateau (1) . This is in contrast with other forms of cancer, in which clear progress has been made, either by the use of new drugs or the ability of risk stratification and subsequently treatment adjustments (2) . Before the introduction of multi-agent chemotherapy in the 1970s, when surgery was the only treatment, approximately 20% of the osteosarcoma patients survived (3) . Nowadays, cure rate for nonmetastatic osteosarcoma patients approaches 55% to 65% (4, 5) . Several factors influence the outcome of patients with osteosarcoma, such as metastatic status, site and size of the tumor, age at diagnosis, surgical approach, and response of the tumor to preoperative chemotherapy (5, 6) . The lack of active agents for the treatment of osteosarcoma has, however, resulted in uniform chemotherapy schedules for all patients. Therefore, new or alternative strategies are urgently needed to improve outcome.
Pharmacogenetics might help to stratify patients before start of treatment, as has been shown for patients with other cancer types (7, 8) . Although a number of studies have been performed into the role of genetic variants associated with the response to treatment in osteosarcoma patients (9) (10) (11) , none of these studies comprehensively investigated a set of genes involved in the metabolism of cisplatin and doxorubicin, the two main drugs used in treatment of osteosarcoma patients. Hence, we investigated a set of genetic variants in 54 genes known to be involved in the metabolism of these drugs for association with treatment outcome.
Materials and Methods

Patients
In the discovery group, 126 patients with osteosarcoma treated in two different centers (Radboud university medical center and University Medical Center Groningen, the Netherlands) were included. The replication cohort consisted of 64 osteosarcoma patients treated at Leiden University Medical Center, The Netherlands. All patients were newly diagnosed, high-grade osteosarcoma with primary localization and/or metastatic disease treated between 1979 and 2008. All patients were of Caucasian origin. Informed consent was according to age obtained from all patients and/or patients' guardians. The study was approved by the ethics committee of the Radboud University Medical Center. Two different chemotherapy regimens were used. In the Radboud University Medical Center, patients diagnosed until 2002 were treated according to an institutional standard therapy consisting of a maximum cumulative cisplatin (600 mg/m 2 ) and doxorubicin (450 mg/m 2 ). After 2002 (21 of 126 patients in discovery group) and all patients of the other two centers (University Medical Center Groningen and Leiden University Medical Center) were treated according to the standard schedule as given in the EUR-AMOS study, which basically consisted of cisplatin (480 mg/m 2 )/ doxorubicin (450 mg/m 2 ) and additionally high-dose methotrexate (MTX; 96-144 g/m 2 , according to age; ref. 12) . Clinical data were collected retrospectively.
In patients alive, DNA was extracted from blood using the QIAamp DNA Blood Midi kit (Qiagen) or saliva (Oragene saliva collection kit; DNA Genotek) according to the protocol of the manufacturers. From patients who had died, DNA of paraffinembedded samples was extracted as recently described (13) .
Selection of SNPs and genotyping
Literature [NCBI (PubMed, Gene)] and the Pharmacogenomics Knowledge Base (www.pharmgkb.org) were searched to select representative candidate genes involved in cisplatin and doxorubicin pathway. In the 54 selected genes, we investigated SNPs that have been previously associated with functional changes. In addition, selected genes were covered with 5 to 10 tag SNPs to analyze the complete gene with a minimal set of SNPs. Tag SNP selection was performed in Haploview (LD statistic r 2 ! 0.8, minor allele frequency > 0.05) using data from the HapMap project (International HapMap Consortium 2007, HapMap Data Rel24/phaseII Nov08). A final set of 381 SNPs was selected for analysis using the Illumina Beadarray platform (Supplementary  Table S1 , Illumina, Inc.). Illumina GenomeStudio software was used for automated genotype clustering and calling. Samples and SNPs with genotyping call rates of <85% were excluded from analyses, as well as SNPs deviating from Hardy-Weinberg equilibrium (P > 0.05).
Statistical analyses
Statistical differences in demographic data were assessed by the Pearson x 2 test. As this is an exploratory study, we considered two-sided P values of < 0.05 as statistically significant. No multiple testing correction has been applied due to the exploratory nature of the analysis. Five-year PFS was defined as the interval between diagnosis and disease progression/recurrence (¼ event) and was estimated using the Kaplan-Meier method. Patients without disease recurrence at the date of last followup were censored at that date. Histologic treatment response was defined as good responders with < 10% vital cells after preoperative therapy with two cycles of each drug. Associations between potential confounders (gender, age at diagnosis, metastasis at diagnosis, axial location, MTX as comedication and histologic response) and PFS or histologic response were evaluated using the Cox proportional hazard regression analysis or a 2 Â 2 table, respectively. These statistical analyses were performed using SPSS version 20.0 (SPSS Inc.).
To assess the effect of a genetic variant on PFS and histologic response, data were dichotomized in event/no event and good/ bad responders, respectively. Multivariate logistic regression analyses of PFS and histologic response included MTX exposure (yes/ no) in PLINK (14) using the command-logistic (additive model). A meta-analysis of the discovery and replication cohort was performed for the statistically significantly associated variants (P < 0.05) in the discovery cohort to investigate possible improved association signals. For SNPs with a low heterogeneity, fixed effects P values and for SNPs with a high heterogeneity the random effects P value are reported.
To assess the effect of a combination of variants on PFS, a genetic risk score was composed as described in literature (15) . The score was constructed based on the number of unfavorable alleles (0-1, 2-3, 4-5 or >5 risk alleles) that were carried by each patient for each of the SNPs associated with PFS. With the risk alleles of each patient, we analyzed 5-year PFS curves using the Kaplan-Meier method, also in addition to metastases at diagnose.
Results
Patients
In total, we included 190 patients with newly diagnosed osteosarcoma. Baseline characteristics did not show statistically significant differences between the discovery and replication groups ( Table 1) . The number of patients with good histologic response was slightly higher in the replication group (P ¼ 0.07). This might partially be explained by treatment schedules as patients additionally treated with MTX had a slightly but not significantly better 5-year PFS (66.7% vs. 54.5%, P ¼ 0.13). Achieving a good histologic response was not influenced by any of the baseline characteristics, such as metastatic state at presentation. No difference in 5-year PFS was seen comparing patients with good histologic response to bad responders (61.3% vs. 55.8%, P ¼ 0.36). In contrast, 5-year PFS was significantly associated with cotreatment of high-dose MTX. Therefore, MTX
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exposure was used as covariate in all multivariate analyses. No confounding factor was found for histologic response.
Association analyses of histologic response
In total, 177 samples (93.2%) were genotyped successfully, 120 patients (95.2%) in the discovery group and 57 patients (89%) in the replication group (Figure 1: flow chart) . The genotype rate in the replication group was smaller due to a higher rate of DNA samples from FFPE material. In the discovery group, seven SNPs with genotyping call rates <85%, 31 SNPs deviating from HardyWeinberg equilibrium and 111 SNPs with a minor allele frequency < 0.05 in the study population were excluded. In the discovery group, a total of 14 SNPs demonstrated a statistically significant association (P < 0.05) with histologic response (Supplementary  Table S2 ). Of these, four SNPs (rs11190291, rs723456, rs4645983, rs207455) were excluded because of low genotyping rates in the replication cohort. Meta-analyses of the remaining 10 SNPs, demonstrated two statistically significant associations (rs3136326 and rs1800936); however, no improved association signal of the discovery and replication cohorts compared to the discovery cohort alone was seen (Supplementary Table S2 ).
Association analyses of 5-year PFS
Multivariate linear regression analyses corrected for high-dose MTX resulted in the identification of 23 statistically significant (P < 0.05) SNPs associated with 5-year PFS, in the discovery group. Of these 23 SNPs, nine SNPs (rs3181345, rs4647616, rs1233398, rs2808676, rs3176646, rs2917669, rs1805324, rs1296500, and rs1895419) showed low call rates for the replication cohort, leaving 14 SNPs for analysis (Supplementary Table S3 ). Five SNPs (rs763110, rs4638843, rs939338, rs2720376, and rs4646437) demonstrated an improved association signal with PFS in the meta-analysis of the discovery and replication cohorts compared to the discovery cohort (Table 2 ). These SNPs were not associated with histologic response.
Genetic risk score
Our genetic risk score for PFS was calculated based on the five statistically significantly associated SNPs (rs763110, rs4638843, rs939338, rs2720376, and rs4646437) in the meta-analysis of this study, thus ranging between 0 and 10. Because only a small number of patients had a score of 6 or higher, we merged these groups into one group for analysis, resulting into a total of four groups representing 0-1, 2-3, 4-5, or more than 5 unfavorable alleles.
After adjusting for treatment with MTX, we found that the genetic risk score was associated with 5-year PFS. Patients without or one risk allele showed a PFS of 100% compared with a 5-year PFS of 84.4% with two to three risk alleles, 66.7% with four to five alleles, and 41.8% with >5 risk alleles (P < 0.001, Figure 2 ). Adding the genetic risk score to the presence of metastases at diagnosis, the most important conventional risk factor, significantly improved the ability to predict PFS. The 5-year PFS of patients without metastases at diagnosis showed similar PFS as the complete population of 100% (P ¼ 0.008). In patients with metastases at diagnosis, all patients were carriers of at least two risk alleles. The 5-year PFS of patients with two to three risk alleles and metastases at diagnosis was still 80%. However, PFS decreased to 56.2% in patients carrying four to five risk alleles and only 12.5% in patients with >5 risk alleles (P ¼ 0.007; Figure 3 ).
Discussion
In this study, we showed that the pharmacogenetic profiles of patients with osteosarcoma may be used to distinguish patients with good outcome from patients with poor outcome. Based on our analysis, five genetic variants were significantly associated with 5-year PFS. To our knowledge, this is the first pharmacogenetic study in osteosarcoma patients that demonstrate that it is possible to perform risk stratification at start of treatment for this specific patient group.
Interestingly, good histologic response, which is a highly prognostic factor for survival in most studies, was not associated with an increased 5-year PFS in this study. We are not the first showing limited value of histologic response for treatment stratification. Several trails have shown that intensification of chemotherapy preoperative resulted in a significant higher proportion of good responders, but outcome was similar (16) (17) (18) . Nevertheless, we investigated whether germline genetic polymorphisms can predict histologic response to preoperative treatment. None of the identified SNPs in the discovery group showed an improved signal in the metaanalysis of both cohorts. Two of the associated SNPs remained significant although with higher P values compared with the discovery cohort. These SNPs might represent true associations as our replication cohort is relatively small, we advise that our findings should be validated in a larger cohort.
We identified one functional SNP in the Fas Ligand (FasL) gene and four tag-SNPs in the MutS homologue 2 (MSH2); Caspase 3 (CASP3); of the ATP-binding cassette, sub-family C, member 5 (ABCC5), and Cytochrome P450 3A4 (CYP3A4) to be associated with a lower PFS (Supplementary Table S3 ).
FasL induces apoptosis and seems to have a role in the development and progression of cancer (19) . The associated SNP, rs763110 (844T > C) in FasL, is suggested to influence FASL expression (20) . Fas expression correlates inversely with metastatic potential in human osteosarcoma cells (21) . This is in accordance with our findings where the T allele, linked to a lower FasL expression, is associated with unfavorable disease outcome. It is known that chemotherapy upregulates Fas expression (22) ; therefore, patients carrying the T allele might benefit from cotreatment with an agent that additionally upregulates FasL expression.
The MSH2 gene encodes for the MSH2 protein, which is part of the MutSa complex in the Mismatch Repair (MMR) system. This system recognizes cisplatin-induced DNA damage. A recent study on osteosarcoma tumor tissue showed that MSH2 expression was significantly associated with nonresponse to chemotherapy and a decreased overall survival (OS; ref. 23 ). The functional effect of the identified variant is not known; however, it is thinkable that this variant has an effect on the DNA repair capacity leading to a decreased survival.
We also identified a variant in ABCC5 associated with an unfavorable 5-year PFS. It has been demonstrated that elevated expression of ABCC5 (or MRP5) confers resistance to cisplatin and doxorubicin in different cell lines (24, 25) . A search for eQTL effects of the SNP showed indeed that the variant regulates the expression of ABCC5, with the A allele linked to a lower expression (26) . In this study, the G allele of rs939338 showed association with ay decreased PFS, which indicates that carriers of this variant might have a higher expression of ABCC5, leading to more resistance to chemotherapy.
Another association found represents a variant in CASP3, which is one of the main executor genes in cell apoptosis. A search in a blood eQTL dataset showed that the C allele of this variant is linked with lower CASP3 expression (26) . Association studies, including CASP3, are scarce but, as CASP3 is at the heart of the apoptotic process it is reasonable to hypothesize that genetic variation in this gene can influence on treatment outcome.
The last association identified was a variant in CYP3A4, which is involved in oxidation of cisplatin but also plays a role in the doxorubicin pathway. CYP3A enzymes inactivate many anticancer drugs, overexpression of CYP3A in tumors could result in an increased drug inactivation and decreased drug efficacy. In osteosarcoma tumors, indeed expression of CYP3A4 was found to be significantly higher in the tumor of patients who developed distant metastatic disease compared with patients with PFS (27, 28). Furthermore, cell lines overexpressing CYP3A4 exhibit an increased resistance to doxorubicin (29) . In our study, the associated variant had a positive effect on PFS, suggesting that this variant might result in a low CYP3A4 expression and therefore, less resistance to therapy. This pharmacogenetic analysis is the first in literature to report on a combined effect of genetic variants using a genotype risk score in osteosarcoma patients. To evaluate our findings we added conventional risk factors, such as metastases at diagnosis to the SNP panel. Interestingly, in both patients with or without metastases at diagnosis we were able to distinguish patients with good outcome from patients with poor outcome based on the genetic risk score. Interestingly, all patients with metastasis carried at least more than two unfavorable alleles, suggesting that the genes which were initially selected to be related with the metabolism of doxorubicin and cisplatin might also influence the development of metastasis. For all associated genes in this study we have identified publications suggesting that the expression of these five genes are linked to metastasis formation (20, 22, 27, 30, 31) . We were able to identify a group of patients with very poor outcome, which may benefit from alternative or novel treatment strategies. However, we realize our findings bring new questions. The included genes were chosen for their relationship to the metabolism of doxorubicin and cisplatin. Both drugs have dose-limiting toxicities. So what to do with patients with predicted poor outcome? Can we risk to give higher doses of chemotherapy and if not, what could be an alternative strategy?
Although the results of our study are promising, we must acknowledge that our cohort was heterogeneous with the inclusion of patients with both, metastatic and localized disease. Furthermore, some patients received a two-drug and some a three-drug regimen, which might have led to an increased histologic response rate to the preoperative chemotherapy dose, but was not translated into better survival. In addition, the study should be considered with caution as we did not correct for multiple testing and the number of patients included is limited. However, osteosarcoma is a rare disease and, at present, no other pharmacogenetic multidrug candidate pathway gene study in literature is available that includes a cohort as large as ours (n ¼ 177). Post hoc power analysis shows that we had more than 80% power to detect associations for the 5-year PFS analysis with an odds ratio of 1.5 for heterozygotes [minor allele frequency >0.35, P ¼ 0.0036 (correction for 14 SNPs); ref . 32] . Including this study, a total of four outcome-related pharmacogenetic studies in patients with osteosarcoma have been published (9) (10) (11) . However, different treatment protocols resulted in different strategies to select genes for analyses. As a consequence, most of the previously reported genes were not included in this study.
In conclusion, this exploratory study identifies several genes that might be associated with treatment response in patients with osteosarcoma. Replication of our data in additional cohorts and prospective clinical studies in a more homogenous group is warranted to reaffirm the potential of using pharmacogenetics in patients with osteosarcoma and bring about a more personalized treatment for these patients.
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